Chronic hepatitis B is a disease of the liver that can progress to cirrhosis and liver cancer. The HBx (hepatitis B virus X) protein of hepatitis B virus is a multifunctional regulator that induces ER (endoplasmic reticulum) stress by previously unknown mechanisms. ER stress plays a critical role in inflammatory induction and COX2 (cyclo-oxygenase 2) is an important mediator of this inflammation. In the present study, we demonstrate the molecular mechanisms of HBx on induction of ER stress and COX2 expression. In addition, HBx reduced expression of enzymes which are involved in mitochondrial β-oxidation of fatty acids and the mitochondrial inner membrane potential. The reduction in intracellular ATP levels by HBx induced the unfolded protein response and COX2 expression through the eIF2α (eukaryotic initiation factor 2α)/ATF4 (activating transcription factor 4) pathway. We confirmed that ATF4 binding to the COX2 promoter plays a critical role in HBx-mediated COX2 induction. The results of the present study suggest that HBV infection contributes to induction of hepatic inflammation through dysfunction of cellular organelles including the ER and mitochondria.
INTRODUCTION
Chronic infection of HBV (hepatitis B virus) is one of the major causes of liver diseases including hepatitis, cirrhosis and HCC (hepatocellular carcinoma). HBx (HBV X protein) of HBV is a multifunctional regulator that modulates transcription, signal transduction, cell-cycle progress, protein degradation, apoptosis and genetic stability by directly or indirectly interacting with host factors [1] . Its continuous expression in hepatocytes may play a role in the development of various liver diseases.
The ER (endoplasmic reticulum) has many general functions, including sequestration of calcium, lipid synthesis, facilitation of protein folding and the transport of synthesized proteins [2] . ER stress is induced by the accumulation of unfolded protein aggregates [UPR (unfolded protein response)] or by excessive protein traffic usually caused by viral infection [EOR (ER overload response)]. ER stress is related to many diseases, including neurodegenerative disease, bipolar disorder, diabetes mellitus, atherosclerosis, inflammation, ischaemia, heart diseases, liver diseases and kidney diseases [3] .
COX2 (cyclo-oxygenase 2) is a key factor in the progression of inflammation and its abnormal expression is associated with several clinical diseases. It is induced at sites of inflammation in response to growth factors and inflammatory cytokines [4, 5] . COX2-induced synthesis of prostanoids has been associated with liver diseases including hepatic fibrogenesis, portal hypertension, cirrhosis and hepatobiliary carcinogenesis [6] [7] [8] [9] . ER stress stimulates the expression of COX2 through activation of NF-κB (nuclear factor κB) and p38 MAPK (mitogen-activated protein kinase) [10] . Induction of ER stress by HBx has been reported, but the underlying mechanisms remain unclear [11] . Interestingly, COX2 is highly co-expressed with HBx in patients with chronic hepatitis, cirrhosis and well-differentiated HCC [12] . In the present study, we examined the functional mechanisms on COX2 induction by HBx-mediated ER stress.
MATERIALS AND METHODS

Plasmid constructs and reagents
pGL2-COX2-luc (−324 to +38) and pCMV5-Myc-ATF4 (ATF is activating transcription factor) were gifts from Dr D.S. Min and Dr A.S. Lee respectively. pcDNA3-HBV 1.2-mer and pcDNA3-HBV(-x) 1.2-mer were gifts from Dr W.S. Ryu. pcDNA3-HBx and pcDNA-GFP-HBx (GFP is green fluorescent protein) have been described previously [13] . A mouse fulllength CREB-H (cAMP-response-element-binding protein H) cDNA fragment was cloned by RT (reverse transcription)-PCR using mouse primary mRNA and primers: forward, 5 -GT-GGATATCCAATGGATGGGGACATA-3 and reverse, 5 -GTTC-TCGAGTCACAGCACCCCCAATG-3 . The PCR products were digested with EcoRV and XhoI and were cloned in an HA (haemagglutinin) epitope-tagged pcDNA3-HA expression vector. pCMV5-Myc-ATF4 DN (dominant-negative) was generated by inserting an overlap extension PCR fragment into XbaI-and BamHI-cloning sites of pCMV5-Myc using the Abbreviations used: AMA, antimycin A; ATF, activating transcription factor; ChIP, chromatin immunoprecipitation; CHOP, C/EBP (CCAAT/enhancerbinding protein)-homologous protein; COX2, cyclo-oxygenase 2; CREB-H, cAMP-response-element-binding protein H; DN, dominant-negative; eIF2α, eukaryotic initiation factor 2α; ER, endoplasmic reticulum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GFP, green fluorescent protein; HA, haemagglutinin; HBV, hepatitis B virus; HBx, HBV X protein; HCC, hepatocellular carcinoma; LCAD, long-chain acyl-CoA dehydrogenase; MCAD, medium-chain acyl-CoA dehydrogenase; NAC, N-acetyl-L-cysteine; NF-κB, nuclear factor κB; 4-PBA, sodium 4-phenylbutyrate; PERK, PKR (doublestranded-RNA-dependent protein kinase)-like ER kinase; PG, prostaglandin; PGE 2 , prostaglandin E 2 ; PKR, double-stranded-RNA-dependent protein kinase; ROS, reactive oxygen species; RT, reverse transcription; SCAD, short-chain acyl-CoA dehydrogenase; TBST, TBS (Tris-buffered saline) containing Tween 20; Tg, thapsigargin; XBP1, X-box-binding protein 1.
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following primers: ATF4-full-F, 5 -CCTCTAGAATGACCG-AAATGAGCTTCCT-3 ; ATF4-mutant-R, 5 -CGCCGCCGC-TTCCAGGTACCCAGTGGCTGCTGTCTTGTTTTGCTC-3 ;  ATF4-mutant-F, 5 -GGGTACCTGGAAGCGGCGGCGGCGG-AGCAGGAGGCTCTTACTGGT-3 ; and ATF4-full-R, 5 -AA-GGATCCCTAGGGGACCCTTTTCTTCCC-3 . All plasmids were confirmed by automatic sequencing analysis. MitoTracker Red CM-H 2 XRos was purchased from Molecular Probes. Sodium 4-phenylbutyrate was purchased from Calbiochem. The transfection reagents PolyFect, jetPEI/jetPRIME and Lipofectamine TM plus were purchased from Qiagen, Polyplus and Invitrogen respectively. All other reagents were purchased from Sigma.
Cell culture and HBx transgenic mice
Huh7, Chang and HepG2 cells were obtained from the American Type Culture Collection. Huh7 cells were maintained in DMEM (Dulbecco's modified Eagle's medium) containing 10 % FBS (fetal bovine serum) at 37
• C in a humid atmosphere of 5 % CO 2 . HepG2-HA and HepG2-HA-HBx stable cells were maintained in the medium containing 100 μM G418. B6 transgenic mice liver tissues expressing HBx and their non-transgenic siblings were a gift from Dr D.-Y. Yu.
Luciferase assay
Cells were seeded in a 24-well culture plate and transfected with reporter vector and β-galactosidase expression plasmid, along with each of the expression plasmids indicated using PolyFect (Qiagen) or jetPRIME (Polyplus). Total amounts of expression vectors were kept constant by pcDNA3.1 (Invitrogen). After 24 h of transfection, cells were incubated in the presence or absence of AMA (antimycin A) or NAC (N-acetyl-L-cysteine) for 12 h. After 36 h of transfection, the cells were lysed in cell culture lysis buffer (Promega). Luciferase activity was determined using an analytical luminescence luminometer according to the manufacturer's instructions (Promega). Luciferase activity was normalized for transfection efficiency using the corresponding β-galactosidase activity. All assays were performed at least in triplicate.
ATP assay
Cells were seeded in six-well culture plates and transfected with the indicated genes using Lipofectamine TM plus (Invitrogen). After 24 h of transfection, cells were incubated in medium containing the indicated glucose concentration for 12 h. After 36 h of transfection, the cells were lysed and ATP levels were assayed using the ATP Bioluminescence Assay Kit CLS II (Roche).
RNA isolation, RT-PCR and real-time PCR analysis
Total RNA was prepared from cell lines or tissues using TRIzol ® reagent (Invitrogen) following the manufacturer's instructions. Total RNA was converted into single-strand cDNA by MMLV (Moloney murine leukaemia virus) reverse transcriptase (Takara, Japan) with oligo(dT). A one-tenth aliquot of the cDNA was subjected to PCR amplification using gene-specific primers. Real-time PCR was performed with an SYBR Green I LightCycler-based real-time PCR assay (Roche Applied Science). The reaction mixtures were prepared using LightCycler Fast DNA master mixture for SYBR Green I, 0.5 μM of each primer and 4 mM MgCl 2 . PCR was carried out using the following forward and reverse primers: LCAD (long-chain acyl-CoA dehydrogenase) F, 5 -GCAGAGCATCTTGGTGG-AATTGG-3 ; LCAD R, 5 -GAGCTTCATGATTTGTGACCGCA-3 ; SCAD (short-chain acyl-CoA dehydrogenase) F, 5 -TTGGCTCC-AAGGAGCAGAAGC A-3 ; SCAD R, 5 -AGGAAGGCACT-GATGCCCTTGT-3 ; MCAD (medium-chain acyl-CoA dehydrogenase) F, 5 -GGGAGAATGACT-GAGGAGCCAT-3 ; MCAD R, 5 -GTATCTGAACATCGCT-GGCCCA-3 ; ATF4 F, 5 -GGTCAGTCCCTCCAACAACAGC-3 ; ATF4 R, 5 -GGAGT-GGAGGACAGGACCCCT-3 ; HBx F, 5 -ATGGTCGCTAG-GGTGTGCTGC; HBx R, 5 -TTAGGCAGAGGTGAAAAA-GTT; GAPDH (glyceraldehyde-3-phosphate dehydrogenase) F, 5 -GTGGTCTCCTCTGACTTCAAC-3 ; GAPDH R, 5 -TCTCT-TCCTCTTGTGCTCTTG-3 ; COX2 F, 5 -CCTTCCTCCT-GTGCCTGATG-3 ; COX2 R, 5 -CTGGCCCTCGCTTATG-ATCT-3 .
Western blot analysis
The cells were prepared by washing with ice-cold PBS and lysed. The protein concentration was determined using BSA as a standard and Bradford reagent (Bio-Rad). Equal amount of proteins was loaded and separated by SDS/PAGE, and the proteins were transferred on to PVDF membrane (Millipore). For Western blotting, the membranes were incubated with anti-HBx (MAB8419, Chemicon), anti-HA (Roche), anti-phospho-eIF2α (eukaryotic initiation factor 2α) ( • C. After washing three times with ice-cold TBST, the blotted membranes were incubated with peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology) for 30 min at room temperature (25 • C). After washing three times with ice-cold TBST, the proteins were visualized by the ECL (enhanced chemiluminescent) development reagent (Amersham Pharmacia Biotech).
ChIP (chromatin immunoprecipitation) assay
ChIP assays were performed as described by the manufacturer (Upstate Biotechnology) with some modifications. Chromatin solutions were sonicated and incubated with anti-ATF4 antibody, or with control IgG, and rotated overnight at 4
• C. Chromatin DNA was purified and subjected to PCR analysis. To amplify the human COX2 promoter region containing the ATF4-binding site, the following primer sets were used: COX2 ChIP F, 5 -AGCTTCCTGGGTTTCCGATTTTCT-3 ; and COX2 ChIP R, 5 -CCCTGCTGAGGAGTTCCTGGA-3 . As a positive control, the human CHOP [C/EBP (CCAAT/enhancer-binding protein)-homologous protein] promoter region containing an AARE site was used, and the following primer sets were used: CHOP ChIP F, 5 -GCGACCAAGGCTGATAGCCGTTGG-3 ; CHOP ChIP R, 5 -TGGCTTTGGGTCACGAGGCTTCAC-3 . After amplification, PCR products were resolved on a 1.5 % agarose gel and visualized by ethidium bromide staining.
Fluorescence microscopy in living cells
Fluorescence microscopy was performed on Huh7 cells transfected with pcDNA3-GFP-HBx constructs. After transfection, cells were incubated for 36 h. Prior to imaging, cells were stained with MitoTracker Red CM-H 2 XRos for 30 min at 37 • C and were visualized with a Zeiss Axiovert 200M microscope.
PGE 2 [PG (prostaglandin) E 2 ] enzyme immunoassay
The PGE 2 level in cell supernatants was measured using commercially available kits (900-001, Enzo) according to the manufacturer's protocol. The limit of the PGE 2 assay was 39-2500 pg/ml.
Statistical analysis
Statistical analyses were carried out by unpaired or paired Student's t test as appropriate. All data are reported as means + − S.D. A P value of <0.05 was considered significant.
RESULTS
HBx induces metabolic dysfunction in liver cells
To analyse the effect of HBx expression on hepatic energy metabolism, we investigated the mitochondrial membrane potential for ATP production in Huh7 cells expressing HBx. We transfected a pcDNA3-GFP-HBx, which expresses a GFPHBx fusion protein, into Huh7 cells and stained the cells with MitoTracker Red CM-H 2 XRos, a membrane-potential-sensitive probe for mitochondria. As shown in Figure 1(A) , most of the cells transfected by the GFP-HBx were weakly stained, but not GFP alone, suggesting that the mitochondrial inner membrane potential was decreased in the HBx-expressing cells.
To further measure the effect of the intracellular ATP production by HBx expression, an ATP bioluminescence assay was used [14] . Although the intracellular ATP levels were decreased by approximately 30 % and 40 % in HBx transiently transfected and stably expressing cells respectively, there was no significant difference in cell viability compared with the control (Figures 1B  and 1C) . Expression of HBx induced by a strong promoter in the transfection system is sometimes found to be greater than the physiological level expressed during chronic HBV infection [15] . So, we examined the effects of a modest level of HBx expression from a HBV replicon, a greater-than-genome-length construct (1.2-mer). As shown in Figure 1(D) , the intracellular ATP level in HBV1.2-transfected cells (encoding a 1.2-mer of the HBV genome) decreased by approximately 30 % compared with control transfected cells, but not by HBV1.2 (HBx − ) which lacks the functional HBx gene. Interestingly, the ATP level decreased much more in low-glucose incubations than in high-glucose incubations in the HBx-expressing cells ( Figure 1C) .
The three main pathways used to generate ATP in eukaryotic organisms are glycolysis, the citric acid cycle/oxidative phosphorylation and β-oxidation of fatty acids. Previous studies have shown that HBx down-regulates mitochondrial enzymes involved in electron transport in oxidative phosphorylation [16] . In the present study, LCAD, MCAD and SCAD, a family of enzymes involved in the first step of the mitochondrial β-oxidation of fatty acids, were down-regulated by HBx ( Figure 1E ). These results indicate that HBx may disturb liver cell energy metabolism by dysregulation of mitochondrial metabolic enzymes.
HBx induces ER stress
The mammalian ER-stress response is mediated by three pathways [PERK, ATF6 and IRE1-XBP1 (inositol-requiring protein-1-X-box-binding protein 1)] [17] . Activated PERK phosphorylates and inactivates eIF2α, leading to translational attenuation. Translation of ATF4 is up-regulated by eIF2α-mediated translational attenuation [3] . As predicted, treatment with Tg (thapsigargin), an ER-stress inducer that inhibits the Ca 2+ pump, increased ATF4 expression ( Figure 2A ). As shown in Figure 2(B) , expression of ATF4, phosphorylation of eIF2α -hand panel) . In addition to the PERK and ATF6 pathways, the cleavage forms of CREB-H, which is cleaved upon ER stress, and the spliced form of XBP-1 were increased by HBx expression (Figures 2C and 2D) . Interestingly, HBx significantly induced ATF4 expression in low-glucose conditions than in highglucose incubations ( Figure 2E ). To confirm the role of HBx in ER-stress induction compared with other HBV proteins, we utilized HBV1.2 (HBx − ). As shown in Figure 2 (F), HBV1.2 (HBx − ) slightly induced ER stress compared with HBV1.2, but additional transfection of HBx recovered the induction of ER-stress marker proteins to the wild-type HBV1.2 transfection. These results suggest that HBV induces ER stress through HBx.
ATP reduction induces activation of the PERK/eIF2α/ATF4 pathway
Because the folding of many secretory proteins can be inhibited by depleting cellular ATP levels [18, 19] , cellular ATP reduction by HBx may induce ER stress. AMA, which blocks the flow of electrons from semiquinone to ubiquinone in the Q-cycle of complex III in oxidative phosphorylation, can reduce cellular ATP levels and increase cellular ROS (reactive oxygen species) levels. To test whether ATP reduction affects phosphorylation of PERK and eIF2α, and induction of ATF4, AMA was added to Huh7 cells. As shown in Figure 3(A) , AMA increased the phosphorylation of PERK and eIF2α, and expression of ATF4. In addition, to investigate whether phosphorylation of PERK and eIF2α, and expression of ATF4 was related to ROS production by AMA, the antioxidant NAC, which is a sulfurbased amino acid needed to make glutathione, was added to AMA-treated cells. NAC did not increase the induction of ERstress markers, suggesting that ROS generated by AMA was not involved in PERK/eIF2α phosphorylation and ATF4 expression. In the present study, we used concentrations of AMA (1 nM) ( Figure 3B) that decreased the ATP level the same as the HBx expression ( Figure 1B ). Therefore these results suggest that the PERK/eIF2α/ATF4 pathway is induced by the reduction in ATP levels.
COX2 expression is induced by HBx, ER stress and ATP deprivation
ER stress is one of the major mediators of inflammation [20, 21] . COX2 is a pro-inflammatory enzyme and PGs produced by COX2 are important mediators in inflammation [17] . To confirm COX2 induction by HBx and ER stress, we transfected the HBx gene and treated with Tg, which is an ER-stress inducer. As predicted, HBx expression and Tg treatment increased native COX2 promoter transactivation ( Figure 4A ). The mRNA and protein induction of COX2 by HBx and Tg were further confirmed through RT-PCR and Western blot assays respectively ( Figures 4B and 4C ). In addition, COX2-derived PGE 2 biogenesis was increased by HBx, but it was abolished by treatment with celecoxib, a highly selective COX2 inhibitor ( Figure 4D ). In Figure 4 (E), we show that NAC did not affect COX2 promoter transactivation by HBx, demonstrating an independence of ROS. In addition, enhancement of COX2 expression by ATP deprivation did not result from ROS production, based on the result of NAC treatment in the presence of AMA incubation ( Figures 4F and 4G) . These results suggest that HBx, ER stress and ATP deprivation can induce COX2 expression with a functional relationship.
ATF4 enhances COX2 expression
A variety of transcription factors, including AP-1 (activator protein 1), NF-κB and NFAT (nuclear factor of activated T-cells), can modulate the transcription of COX2 [22] . Using TESS (Transcription Element Search System, http://www.cbil.upenn.edu/tess/), a Web tool for predicting transcription-factor-binding sites in DNA sequences, we identified a putative ATF4-binding site (5 -TTACGCAAT-3 ) between nucleotides − 132 and − 124 on COX2 promoter sequences. To investigate whether ATF4 binds to the COX2 promoter in vivo, a ChIP assay was performed. The results showed that ATF4 could transactivate COX2 expression by direct binding on the promoter ( Figure 5A ). As a positive control, the CHOP promoter, which contains a cognate promoter element in the COX2 gene, was confirmed in the ChIP assay. To examine whether ATF4 is responsible for COX2 induction, we applied a luciferase reporter assay for COX2 promoter transactivation by ATF4. In addition, to further confirm the ATF4-mediated COX2 expression, an ATF4 DN form (ATF4 DN), which is a protein with six amino acid substitutions within the DNA-binding domain (R 294 YRQKKR 300 to G 294 YLEAAA 300 ), was applied in the assay. As shown in Figure 5 (B), ATF4 transactivated COX2 promoter activity in a dose-dependent manner, but not ATF4 DN. We also confirmed the correlation between mRNA and protein levels of ATF4 and COX2 ( Figures 5C and 5D ). Furthermore, ATF4 DN inhibited AMA-induced COX2 expression ( Figures 5E and 5F ).
To verify the functional interaction of HBx and ATF4 on COX2 induction at the mRNA and protein levels, we examined RT-PCR and Western blot assays after the transient expression of HBx and ATF4 DN. ATF4 DN blocked HBx-enhanced COX2 promoter activity and expression ( Figures 5G-5I ). Furthermore, AMA or HBx-enhanced COX2 promoter activity and expression were attenuated by knockdown of ATF4 using RNAi (RNA interference) against ATF4 ( Figures 6A-6F) , and HBxinduced COX2 expression and PGE 2 synthesis were abolished by treatment with the chemical chaperone 4-PBA (sodium Figure 6G and 6H) . These results support that the COX2 induction by HBx is dependent on intact ATF4 expression.
4-phenylbutyrate) (
In vivo COX2 induction in cells and mice expressing HBx
To confirm that COX2 expression was induced by HBV, plasmid HBV1.2 encoding a 1.2-mer of the HBV genome was transiently transfected into Huh7, HepG2 or Chang cells. On the basis of the luciferase assay and real-time PCR, HBV1.2 increased the gene expression of COX2. In addition, we utilized HBV1.2 (HBx − ), which lacks the functional HBx gene, to confirm the role of HBx in COX2 expression. As shown in Figures 7(A)-7(C Figures 7C and 7D) .
To confirm the concurrent expression of HBx, COX2 and ATF4, and phosphorylation of eIF2α in intact liver tissue, we obtained liver tissue from transgenic mice expressing HBx and from their non-transgenic siblings to examine protein expression through Western blot analysis ( Figure 7E ). Consistent with previous results, HBx expression in mouse liver tissues increased protein levels of COX2 and ATF4, and phosphorylation of eIF2α.
DISCUSSION
In the virus replication process, double-stranded RNA intermediates and viral proteins are produced within host cells [23, 24] . PKR, which is activated by double-stranded RNA, phosphorylates eIF2α and ER stress is induced during virus replication. This results in the cut-off of protein synthesis and in the inhibition of viral replication; however, viruses have evolved various mechanisms to overcome this inhibition of viral replication. HBx is transcribed independently from the other viral transcripts under the control of the Enh1 and X promoter [1] . The Enh1 and X promoters are enhanced by HBx, suggesting that HBx is under autoregulation [1] . Therefore HBx can play a significant role in both replication of HBV and development of HBV-induced liver diseases, including liver inflammation, fibrosis, cirrhosis and liver cancer. In the present study, we confirmed the mechanism of ER-stress induction by HBx and the function of ATF4 in HBxmediated inflammation.
Lee et al. [16] and Rahmani et al. [25] reported that HBx down-regulates mitochondrial enzymes involved in electron transport in oxidative phosphorylation and interacts with VDAC-3 (voltage-dependent anion channel-3). The reports demonstrated that HBx down-regulates expression of mitochondria-encoded subunit genes, but not nucleus-encoded subunit genes. Therefore they suggested that HBx may directly induce mitochondrial damage because HBx does not exist in mitochondria. However, we confirmed that nuclear-encoded genes (LCAD, MCAD and SCAD) are also down-regulated by HBx. Therefore mitochondrial membrane potential might be decreased by the HBx-mediated metabolic enzyme reduction as well as by mitochondria damage, resulting in down-regulation of the cellular ATP level.
In cell culture systems and mouse models, hypoxia induces cellular ATP deprivation. Because oxygen is required to produce ATP by oxidative phosphorylation, cells increase glycolysis and decrease ATP consumption to maintain cellular ATP levels under hypoxia. The folding of secretory proteins can be inhibited by depleting cellular ATP levels [3, 6] , suggesting that hypoxia may induce ER stress. Hence, Ameri et al. [26] and Blais et al. [27] have reported that the ATF4 protein level was regulated through the HIF1 (hypoxia-inducible factor 1)-independent pathway under hypoxic and anoxic stress respectively. Therefore we suggest that the ATF4 induction by hypoxia may be mediated by ER stress, which occurs by cellular ATP deprivation.
Previous studies have shown that HBx induces hepatic steatosis via transcriptional activation of lipogenic genes [13] . Lee et al. [28] reported that hepatic lipogenesis is regulated by XBP-1. On the basis of preliminary data, SREBP-1 (sterol-regulatoryelement-binding protein-1), a transcription factor that is a major player in lipid metabolism, expression was significantly induced by CREB-H, ATF6 and ER-stress inducers, and was mildly induced by ATF4 and XBP-1 (H. K. Cho, unpublished work). Because increased hepatic lipid by HBx also induces ER stress, the HBx-mediated COX2 expression via ER stress might be increased through lipid accumulation.
ATP deprivation can occur through excessive exercise, ischaemia, food deprivation and Type 1/Type 2 diabetes [29, 30] . Therefore, based on the results of the present study, ER stress may be induced in liver cells of diabetic patients, and chronic diabetic patients may have a risk of liver inflammation.
In the present study we have shown that mitochondrial membrane potential and the cellular ATP level may be downregulated by HBx, then ATP reduction may induce ER stress. We also found that ATF4, among ER-stress markers, up-regulates COX2 expression. Therefore we propose that the reduction in cellular ATP level and induction of ER stress by HBx may induce the development of HCC as well as liver inflammation.
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